Methods of Identifying Hydrodynamic Aquifers and Reservoir Heterogeneities using Temperature Data by Ozanne, Stephen & Ozanne, Stephen
  
 
IMPERIAL COLLEGE LONDON 
 
 
 
 
Department of Earth Science and Engineering 
 
 
 
 
Centre for Petroleum Studies 
 
 
 
 
 
 
Methods of identifying hydrodynamic aquifers and reservoir 
heterogeneities using temperature data 
 
By 
Stephen Ozanne 
 
 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for the MSc and/or the DIC in Petroleum 
Engineering. 
 
 
 
 
 
 
 
September 2010 
 
 
 
 
 
  
II 
 
 
 
 
DECLARATION OF OWN WORK 
 
 
 
 
 
I declare that this thesis Methods of identifying hydrodynamic aquifers and reservoir 
heterogeneities using temperature data is entirely my own work and that where any 
material could be construed as the work of others, it is fully cited and referenced, and/or with 
appropriate acknowledgement given. 
 
 
 
 
 
 
 
 
 
 
 
 
Signature: 
 
Name of student:         Stephen Ozanne 
Name of supervisor:   Dr Ann H. Muggeridge 
 
 
 
 
 
 
 
 
 
 
 
 
III 
 
 
 
 
 
ABSTRACT 
It is crucial for reservoir engineers to identify the key factors in a field that will affect 
production before developing it. When differences of depth in hydrocarbon-water contacts 
are noticed, they can be attributable to hydrodynamic flows within the aquifers or to the 
existence of a sealing fault in the reservoir. It is crucial to distinguish between these two 
possibilities as it would have a significant impact on petroleum recovery.   
Different tools or methods like pressure-depth plots, Hubbert’s analysis and various 
diagnostic toolkits have been developped to characterize compartmentalization and 
hydrodynamic environment. Dynamic aquifers can enter the reservoir with a different 
temperature so it can create a thermal gradient across it and lead to important modes of heat 
transfer. Furthermore,  as heterogeneities also present different thermal properties than 
reservoir rocks, it is interesting to take a look at temperature data to distinguish between the 
two phenomenona. Temperature has an influence on several physical parameters such as 
density, viscosity, thermal conductivity and heat capacity of the porous medium. Density and 
viscosity would directly affect the heat transport through the hydraulic conductivity and, 
consequently, the groundwater flow calculation. Hence, highly effective methods and set of 
new instruments to measure thermal property measurements have been developed in the last 
couple of decades and nowadays temperature data can be measured very accurately. 
However, the body of literature on heat and temperature distribution as a tool to investigate 
reservoir properties and heterogeneities is relatively small.  
 This paper provides a study on the effects of various reservoir properties on temperature 
distribution and its propagation across the reservoir under a hydrodynamic environment. 
These results are related to the degree of tilt of the oil-water contact due to the aquifer flow. 
Furthermore, this paper studies the impact of reservoir heterogeneities on temperature 
distribution and how these heterogeneities could be diagnosed by analyzing heat propagation 
and temperature evolution in the reservoir. It shows that barriers to flow have a significant 
effect on temperature plots and distribution and this could be related to both thermal and 
geological properties of the reservoir. Thus, these results could help to identify reservoir 
compartmentalization under a hydrodynamic aquifer. Consequently, this provides a diagnosis 
that could be integrated with other analysis and would allow reservoir engineers to 
distinguish more accurately between a compartmentalized reservoir and a hydrodynamic 
aquifer in a situation where a tilted oil-water contact has been observed. 
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Abstract 
It is crucial for reservoir engineers to identify the key factors in a field that will affect production before developing it. When 
differences of depth in hydrocarbon-water contacts are noticed, they can be attributable to hydrodynamic flows within the 
aquifers or to the existence of a sealing fault in the reservoir. It is crucial to distinguish between these two possibilities as it 
would have a significant impact on petroleum recovery.   
Different tools or methods like pressure-depth plots, Hubbert’s analysis and various diagnostic toolkits have been 
developed to characterize compartmentalization and/or hydrodynamic environments. Dynamic aquifers can enter the reservoir 
with a different temperature so it can create a thermal gradient across it and lead to important modes of heat transfer. 
Furthermore,  as heterogeneities also present different thermal properties than reservoir rocks, it is interesting to take a look at 
temperature data to distinguish between the two phenomena. Temperature has an influence on several physical parameters 
such as density, viscosity, thermal conductivity and heat capacity of the porous medium. Density and viscosity would directly 
affect the heat transport through the hydraulic conductivity and, consequently, the groundwater flow calculation. Highly 
effective methods and set of new instruments to measure thermal property measurements have been developed in the last 
couple of decades and nowadays temperature data can be measured very accurately. However, the body of literature on heat 
and temperature distribution as a tool to investigate reservoir properties and heterogeneities is relatively small.  
 This paper provides a study on the effects of various reservoir properties on temperature distribution and its propagation 
across the reservoir under a hydrodynamic environment. These results are related to the degree of tilt of the oil-water contact 
due to the aquifer flow. Furthermore, this paper studies the impact of reservoir heterogeneities on temperature distribution and 
how these heterogeneities could be diagnosed by analyzing heat propagation and temperature evolution in the reservoir. It 
shows that barriers to flow have a significant effect on temperature plots and distribution and this could be related to both 
thermal and geological properties of the reservoir. Thus, these results could help to identify reservoir compartmentalization 
under a hydrodynamic aquifer. Consequently, this provides a diagnosis that could be integrated with other analysis and would 
allow reservoir engineers to distinguish more accurately between a compartmentalized reservoir and a hydrodynamic aquifer 
in a situation where a tilted oil-water contact has been observed.  
  
 
Introduction 
Reservoir characterisation is fundamental before developing any new field in order to understand the key factors that will 
affect production. One of the major uncertainties we can face during field appraisal is the level of reservoir 
compartmentalization. Determining to what extent a reservoir may or may not be compartmentalized is fundamental as a 
wrong diagnosis may render a development strategy economically infeasible (Dromgoole et al, 1997). 
Various techniques have been established to detect the degree of reservoir compartmentalization in the last decades using 
different sources of information such as oil compositional data, pressure analysis, pressure transient testing, hydrocarbon-water 
contact variations, etc (Smalley et al, 1996). Although this has made compartmentalization diagnosis easier, many 
uncertainties remain in assessing whether a tilted hydrocarbon-water contact is attributable to compartmentalization or a 
dynamic aquifer (Mahmode, 2009).  
Tilted hydrocarbon-water contacts are attributable to several different mechanisms, such as spill points, faults, independent 
sand lenses, stacked reservoirs, perched water (Dahlberg, 1995), pressure drawdown on surrounding fields (Coutts, 1997), 
hydrodynamic flows within the aquifer (Hubbert, 1953), density differences (Yuster, 1953), gravitational overturning (England 
et al, 1995) and temperature gradients (Stenger, 1999); it is extremely important to distinguish between these phenomena. 
Stenger (1999) showed in the Ghawar field that the observed tilt between hydrocarbon and water can be attributed to an 
evolution of the regional geothermal gradient, and by an inflow of water with a different temperature. Besides, what was 
thought to be a hydrodynamic related tilt can be interpreted as a static equilibrium due to various fluid densities (Stenger, 
1999). Therefore, it could be interesting to look at the temperature data and the heat flow as a way of identifying 
hydrodynamic environment and reservoir heterogeneities, without forgetting the time-scales needed to reach steady-state.  
Tilted hydrocarbon-water contacts were first studied by Hubbert (1953) and have then be observed and estimated by many 
subsequent authors who used the potential gradient to predict the degree of tilt and identify hydrodynamic environments. 
Imperial College 
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Hydrodynamic activity should be easily diagnosable using pressure-depth (P-D) gradient plots, in which the oil pressures fall 
on a single gradient, whereas the water pressures decrease in the direction of FWL dip (Beckley et al, 1993). However, this 
could be undetectable under transient conditions. Mahmode (2009) provided an understanding of time-scales under which the 
identification between heterogeneities and hydrodynamic environment is valid. In this work, his study is going to be combined 
with the analysis of temperature data and heat flow through the reservoir.  
Heat-flow theory has been important in the development of the science of ground water hydrology, yet, the body of 
literature on temperature and heat as ground water diagnostics is relatively small (Anderson, 2005). Data on the thermal 
properties of rocks such as thermal conductivity, thermal diffusivity, volumetric heat capacity and coefficient of thermal 
expansion are important for many reasons:  interpretation of temperature logging data, theoretical modeling heat and mass 
transfer in formations, determination of heat flow density and its distribution along wells and interpretation of its vertical 
variations, prediction of other formation physical properties from the correlations found between thermal and other physical 
properties (Popov et al, 2009).These properties are very significant when dealing with thermal aquifers, especially in 
geothermal industry. Increasing necessity in thermal property data stimulated the development of new effective approaches 
and equipment to provide more reliable and detailed information about rock’s thermal properties (Popov et al, 2010). 
After considering carefully all the thermal properties, we study in this paper the propagation of heat in an oil reservoir and 
its relationship with hydrodynamically related tilted contacts and reservoir heterogeneities. It also provides an analysis on the 
behavior of temperature for various reservoir properties and heterogeneities in a hydrodynamic environment and hence 
determine to what extent temperature distribution can be used to distinguish between a hydrodynamic aquifer and 
compartmentalization. 
 
 
Hydrodynamic heat flow 
 
Hydrodynamic Environment. Prior to production, there is a static balance of gravity and capillary forces in most reservoirs. 
They are in a state of mechanical equilibrium, with the lower density hydrocarbon found above one of higher density. 
However, this does not take into account the complexity of subsurface hydrocarbon entrapment. Hubbert (1953, 1967) has 
shown that under dynamic conditions, the interface between water and hydrocarbon, which is an equipotential surface, must be 
inclined as is shown in Figure 1, assuming steady state has occurred. If one of the fluids is flowing, the equipotential surfaces 
are inclined along lines of lowest possible energy, resulting in a tilted contact (Hubbert, 1953; England et al, 1987).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Hubbert also established a formula to determine the degree of tilt, the applicability of which was studied by Mahmode 
(2009) under a range of conditions as well as the time-scales under which this formula is valid. Although studies related to 
Hubbert’s provides interesting results about tilted contacts, many uncertainties remain due to the complexity of hydrocarbon 
entrapments. Owing to an increasing demand for geothermal energy, analyses of heat transfers and temperature distribution in 
groundwater flows are being strongly developed, hence the idea of considering temperature distribution as a probable way to 
distinguish hydrodynamic-related tilted contacts from reservoir compartmentalization.  
Figure 1: Figure 1a.Tilted oil-water contact resulting from water flow in the underlying aquifer. Figure 1b. Static and hydrodynamic 
environments showing, on the one hand a dynamic flow of water resulting in a tilted oil-water contact  and on the other hand a 
reservoir compartmentalization in a hydrostatic environment in which oil-water contacts are horizontal (After Dahlberg, 1995). 
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Geothermal gradient. The geothermal gradient is the rate at which the 
Earth's temperature increases with depth, indicating heat flowing from the 
Earth's warm interior to its cooler surface. Away from tectonic plate 
boundaries, it is 25-30°C per km of depth in most of the world. The Earth's 
internal heat comes from a combination of residual heat from planetary 
accretion and heat produced through radioactive decay (Turcotte and 
Schubert, 2002).  
The geothermal gradient varies with location and is typically measured 
by determining the bottom open-hole temperature after borehole drilling 
(Khodyreva, 2002). It is also necessary to measure experimentally the 
temperature in deep boreholes with a static heat regime, so, to achieve 
accuracy, the drilling fluid needs time to reach the ambient temperature, 
which is not always feasible in practice (Khodyreva et al., 2010). In the 
absence of groundwater flow, the subsurface in the geothermal zone 
normally follows the geothermal gradient (Figure 2). However, vertical 
groundwater flows perturbs it causing concave or convex upward 
temperature profiles.  
The formation of thermal fields takes place on three levels – global, 
regional and local. Global thermal fields are associated with processes in 
the mantle of the Earth, regional fields are due to the stationary radiogenic 
component of the crust heat flow in general and local fields come from the 
deformation of rocks, sedimentation, migration of fluids and other 
processes taking place in the upper layers of the sedimentary thickness 
(Khodyreva, 1997). The basic source of information about power 
conditions in the interior of the Earth is the heat flow. Its calculation in 
accordance is possible only if there are exact data about geothermal 
gradients and the heat conductivity of rocks (Fourier’s law). The heat 
capacity of rocks in in-situ conditions may be determined in the laboratory 
with 5-10% error and will depend, like heat conductivity, on the 
temperature and the porosity as can be seen on Figure 3 (Khodyreva et al., 
2010).   
 
 
 
Heat transfer phenomenon occurring in flows in aquifer. Physical processes affecting heat transport within an aquifer  
include  advection  (or  convection),  mechanical dispersion  and  diffusion (Diao  et  al.,  2004). Convection is an energy 
transport mechanism due to fluid motion inside the medium. When  the  flow  field  is caused by  external  forces,  the  
transport  is  said  to occur by forced convection (Carslaw and Jager, 1959). Free or natural convection, instead, occurs when 
the movement of water is due to density variations caused by temperature gradients (Sethi and Di Molfetta, 2007). The 
diffusion of heat depends mostly on the thermal conductivity and heat capacity of the aquifer but also on the reservoir rock 
heat capacity and oil thermal conductivity. We will discuss later about the impact of these parameters in our case.  Thermal 
diffusion  occurs  by conductive  transport  in  a  solid  or  a  liquid  by  a  linear expression  relating  the  heat  flux  to  the  
temperature gradient.  If  there  is a  lack of groundwater  flow, the heat transport  in  the  porous medium  occurs  only  due  to  
the diffusion.  However, under most conditions of groundwater natural flow, diffusion is insignificant and can be neglected. At 
Figure 2: Schematic temperature profiles showing 
deviations from the geothermal gradient caused 
by surface warming in the surficial zone and 
convection in the geothermal zone. Recharge 
(downward movement of ground water) results in 
concave upward profiles, whereas discharge 
(upward movement) results in convex upward 
profiles (modified from Taniguichi et al, 1999). 
Figure 3: Influence of porosity on thermal parameters.  Figure 3a. Dependence of heat conductivity from porosity for 
temperature 150°C. Figure 3b. Dependance of heat capacity from porosity for temperature for 150°C. 
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higher velocities and/or  longer  flow paths (higher  Peclet  number),  mechanical  dispersion is the predominant  cause of 
mixing  of  the  thermal plume  and the effects of diffusion can be ignored (Lo Russo et al., 2010). 
Most commonly, forced convection occurs in response to topographically driven ground water flow. Free convection may 
be enhanced by salinity gradients (thermohaline convection). Mixed convection refers to flows driven by both forced and free 
convection (Raffensperger and Vlassopoulos, 1999). Free convection is thought to occur in areas of high heat flow such as 
near spreading centers in the ocean, but rarely in sedimentary basins where it requires high basal heat flow or relatively thick 
and permeable layers. The potential for free convection is often investigated using the dimensionless Rayleigh number, which 
is derived by considering the ratio of buoyant forces to viscous forces (Anderson, 2005). This number will be calculated to 
verify that there is no convection in our model.  
 
 
Aquifer Diagnostic 
Nowadays, highly accurate pressure measurement tools such as the Repeat Formation Tester and the Modular Formation 
Dynamic Tester allow us to obtain one of the most important pieces of data during field characterization: fluid pressure. 
Pressure-depth plots can give useful pieces of information about the presence of reservoir heterogeneities, connection between 
reservoirs, and the possibility of hydrodynamic flow. Nevertheless, they mostly allow us to make assumptions about what is 
really happening, hence the use of other techniques and sets of data to eliminate one by one the different assumptions made.  
Temperature has an influence on several physical parameters such as density, viscosity, thermal conductivity and heat 
capacity of the porous medium. Density and viscosity would directly affect the heat transport through the hydraulic 
conductivity and, consequently, the groundwater flow calculation. This influence is essentially independent of the 
hydrogeological system being simulated (Lo Russo et al., 2010). 
Early workers noted that thermal effects cause changes in hydraulic conductivity, 
 K =
k∗g∗ρw
μw
                                   (1) 
since density, 𝜌𝑤, and viscosity, 𝜇𝑤, of water are temperature dependent; k is the intrinsic permeability and g is the 
acceleration due to gravity (Winslow, 1962). Stallman (1963) was among the first of the early workers to fully appreciate the 
potential for using temperature measurements to solve the inverse problem for ground water velocity and hydraulic 
conductivity: ‘‘ It appears feasible that temperature measurements can be used for calculating flow velocity and that a 
combination of head and temperature measurements can be used for calculating aquifer permeability.’’ But in hydrodynamic 
aquifers, the temperature changes are small (≤ 15°C) so these effects are unlikely to be significant.  
Ground water temperature can be measured easily and rapidly by lowering a thermometer down a borehole, although 
precautions must be taken to ensure that the recorded temperature is representative of water in the aquifer and not influenced 
by movement of water in the borehole (Mansure and Reiter, 1979; Keys and MacCary, 1971). In recent applications, 
thermocouples and thermistors are used to obtain a time series of measurements remotely. Waterproof temperature loggers are 
now inexpensive and widely available, which may help explain the recent revival of interest in subsurface temperature 
distributions (Stonestrom and Blasch, 2003). 
Many reviews of the scientific measurement of heat flow, both the technology and the methodology, can be found in the 
literature (Prensky, 1992). While various types of wireline techniques have been used to measure borehole temperatures, in 
general, the most accurate temperature and heat-flow data are obtained with high-resolution thermistors lowered into small-
diameter, thermally stable boreholes at logging speeds of 30-50 ft/min (10-15 m/min) (Blackwell and Spafford, 1987; 
Blackwell and Steele, 1989). These data are generally recorded as continuous temperature or temperature gradient logs. 
Although the resolution of "research" equipment may range between 0.0001ºC and 0.001ºC, typical accuracy ranges from ± 
0.02ºC to ±0.05ºC (Blackwell and Spafford, 1987). This will be important to our study because this range of accuracy will help 
us to detect changes in the geothermal gradient, even if it is only a matter of a degree.  
Highly effective methods and set of new instruments for thermal property measurements have been developed during the 
last few years and have improved quality of the geothermal information as whole (Popov et al., 1997). The optical scanning 
method and instruments have been developed for non-contact measurements of thermal conductivity (accuracy of 1.5% for a 
confidence probability of 0.95 within the range of 0.1 -to70- W/m-K), and thermal diffusivity of rocks and minerals (accuracy 
and precision of 2% within a range of 0.1- to 5.0- x 10-6 m²/s.K). Optical scanning principle is a relatively new approach to 
thermo-physical measurement that provides a vast set of the rock thermal properties, thermal conductivity, and thermal 
diffusivity in all geological environments and also provides the measurements for fluids with wide range of viscosity without 
disturbing influence of thermal convection in low viscous fluids. This measurement devices provide also all other thermal 
properties that could be useful for thermal calculation and all the parameters are given accurately for a range of temperatures 
between 20°C and 250°C (Popov et al., 1999).  
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Simulation Models 
The aim of these models was to study heat flow in a 
hydrodynamic environment and investigate its behavior under a 
wide range of property variations and reservoir heterogeneities. 
Therefore, as a lot of simulations were required and should 
respect time scales established by Mahmode (2009), similar 
simple 2D models had to be chosen. These models were 
deemed adequate to describe the effect of hydrodynamic flow 
in the aquifer as they could be looked at as a vertical cross-
section through a 3D reservoir model that is uniform in the 
direction perpendicular to the 2D cross-section being 
simulated.   
The grids have been constructed using a rectangular 
Cartesian model and block centered geometry. They consisted 
of 50 blocks of 200 ft in the “X” direction, 1 block of 1ft in the 
“Y” direction and between 50 and 100 blocks of variable size 
in the “Z” direction. Hence, the number of grid cells ranged 
from 2500 to 5000 cells with refined grid geometry near the 
contacts and a coarser one in the body of the aquifer.  
Each model was initialized with a flat original FWL and 
used water injection and production wells on both ends of the 
reservoir, injecting and producing in the aquifer to simulate a 
hydrodynamic groundwater flow.  
Typical potentiometric gradient ranges from 0.5 to 10 psi 
per thousand feet (Moss et al., 2003), which allows us to 
estimate an order of magnitude for the injection rate, either by 
using Darcy’s law or by setting a constant rate which provides 
the required pressure drop across the reservoir. The pressure 
drop was set at a few psi across the reservoir, depending on the 
situation and corresponding to a groundwater influx of a few 
cubic centimeters a year.  
In terms of well head pressure regulation, the thermal 
exchanges with the formations surrounding the reservoir induce 
a dependence of the production and injection temperature on 
the flow rate. As the density of the brine varies with its 
temperature, the thermal state of the well influences the 
potential artesian pressure (S. Lopez, 2009).  Moreover, as the hot injected water body grows, the pressure work necessary to 
push it should decrease steadily as a consequence of its lower viscosity (Figure 4). This graph confirms that the variation of 
temperature in our simulations will not be high enough to observe significant effects that could occur with changes in viscosity 
and density. Thus, these values will be forced to remain constant within the temperature range of our studies when making 
other parameters varies, so that the pressure work remains the same.  
As can be seen in Figure 5, maintaining these low rates produce a tilted OWC and prevent the oil from being produced, 
which keeps our model in a situation where Hubbert’s analysis and Mahmode’s studies are valid. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Dependence of viscosity on temperature and water 
salinity, (after C.S. Matthews et al, 1967) 
Figure 5: Standard model showing the tilting of OWC under the influence of a hydrodynamic aquifer. Water is flowing 
from left to right, the scale of colours represent oil saturations.  
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The model above was created using CMG’s STARS reservoir simulation software which includes all the calculation 
required for reservoir engineering as well as thermal calculation. To obtain the standard model described in the figure above, 
parameters listed in Table 1 were used.  
 
The geological aspect of the reservoir had to be carefully designed because some formations have particular thermal 
properties that could introduce phenomenon rendering our study much more complicated. For instance, as the salt is a very 
conductive rock compared to limestone, sandstone or shale, we are going to assume that there are no salt domes in the field 
area. It could be a cause of a higher geothermal gradient and introduce a different problem but this point has to be considered 
if we are trying to explain a very high geothermal gradient (Stenger, 1999).  
We are considering a reservoir where the rock structure has a very uniform vertical distribution, which allows us to 
consider an average vertical geothermal gradient from the near surface, as the thermal conductivity of the formation is going to 
be fairly uniform. Taking the average geothermal gradient in such reservoirs, the variation of temperature would be about 1°F 
across our model, which is not going to influence our calculations and the previous assumption is therefore acceptable.  
It has been proven that temperature influences the heat capacity and thermal conductivity (Clauser, 2003; Holzbecher, 
1998).  However,  even  for  larger  differences  (up  to 60°C),  the error  in  the heat  transport simulation  is  less than 3% 
(Hecht-Mendez et al., 2010).   Based  on  these  observations,  the  temperature dependency of  thermal  parameters  is  not  a  
real limitation  for heat  transport  simulation  of  shallow geothermal systems i.e.  below 15 °C. Density and viscosity 
variations with temperature can be considered negligible in that case. For systems in which  higher  temperature  changes  are  
expected (>>15 °C),  instead,  heat  transport  simulation  should take  into  account  the  physical  temperature dependencies 
of the thermal parameters ( Lo Russo et al, 2010). But in our case, we keep temperatures within a range that does not affect 
thermal and temperature dependant parameters, with the exception of water heat capacity, which temperature dependence is 
considered. Indeed, we noticed that it was more sensitive to temperature in our case than other parameters; hence forcing it to 
be constant was giving unacceptable results in certain cases. Thus, the following correlation has been used:  
 
𝑴𝒘 = 𝑪𝟏 + 𝑪𝟐𝑻 + 𝑪𝟑𝑻
𝟐 + 𝑪𝟒𝑻
𝟑                           (2) 
where T is the temperature in F, and 𝐶𝑖 corresponds to the coefficients of liquid phase capacity in Btu/lbmol−𝐹
𝑖 that are 
calculated from STARS water tables.  
Finally, our model includes an overburden heat loss, with a volumetric heat capacity of the adjacent formation of 35 
Btu/ft³-day-F and a thermal conductivity of 24 Btu/ft-day-F (these are typical values for wet rocks). 
Table 1 – Physical properties used in the standard model 
       Symbol                                                     Property Value/units SI Equivalent 
L Length of Reservoir 10,000 ft 3048 m 
W Width of Reservoir 1 ft 0.3048 m 
H Thickness of Reservoir 200 ft 60.96 m 
ho Thickness of Oil Leg 20-40 ft 6.1-12.2 m 
Ф Porosity 0.2   
kh Reservoir Permeability 100 mD 9.87 x 10
-14
 m
2
 
kv / kh Vertical to Horizontal Permeability Ratio 0.1   
Co Oil Compressibility 5 x 10
-6
 psi
-1
 7.25 x 10
-10
 Pa
-1 
Cw Water Compressibility 1 x 10
-6
 psi
-1
 1.45 x 10
-10
 Pa
-1 
μo Oil Viscosity 1.0 cP 10
-3
 Pa.s 
μw Water Viscosity 1.0 cP 10
-3
 Pa.s 
ρo Oil Density (R.C) 42.3 lb/ft
3
 678 kg/m
3
 
ρw Water Density (R.C) 62.4 lb/ft
3
 980 kg/m
3
 
Sor Irreducible Oil Saturation 0.2   
Swc Connate Water Saturation 0.2   
mw Water molecular weight 18.02 lb/lbmole 18.02 kg/kgmole 
mo Oil molecular weight 300 lb/lbmole 300 kg/kgmole 
Tcrit Water critical temperature 705.4 F 374.15 C 
Pcrit Water critical pressure  3206.2 psi 22106 kPa 
Mo Oil heat capacity 300 Btu/lbmol-F 1256 kJ/kg-C 
Mr Rock volumetric heat capacity at 14.7 psi 35 Btu/ft³-F 2.347 x 10
-6
 Btu/m³-F 
σ Coefficient of thermal expansion 3.8 x 104 F-1 6.84 x 104 C-1 
λr Rock thermal conductivity 24 Btu/ft-day-F 2.74 x 10
5
 J/m-day-C 
λw Water thermal conductivity 8 Btu/ft-day-F 5.35 x 10
4
  J/m-day-C 
λo Oil thermal conductivity 1.8 Btu/ft-day-F 1.15 x 10
4
  J/m-day-C 
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Time-scales criteria. Previous work pointed out that the tilting process requires a certain amount of time to elapse such that 
the FWL can correspond to the pressure drop across the reservoir (Mahmode, 2009). To be consistent with this result, special 
care was required in setting the model parameters and changes in lateral pressure in the aquifer as well as changes in contact 
were studied with respect to time. Figure 6 confirms that it takes considerable time (from 10,000 to 100,000 years) for the tilt 
to develop. These results were co;pared with the earlier results of Mahmode(2009) using a different, non thermal simulator and 
found to agree 
 
Convection. Non-linear effects could be present if small changes in some properties lead to a significant change in the model. 
One of the best known and most important non-linear effects in fluid and heat flow is the onset of free convection. The 
Rayleigh number (Ra) determines the system state with respect to fluid properties, permeability, thermal conductivity and 
geothermal gradient. For porous media and a 2-D layer heated from below, it is defined as (Popov et al., 2009): 
 
𝑅𝑎 =
𝜎𝑔𝜌𝑓
2𝑀𝑘𝐻(𝑇−𝑇0)
𝜇𝑓𝜆𝑓
                              (3) 
 
where 𝜎 is the coefficient of thermal expansion, g is the acceleration of gravity,  𝜌𝑓 is the fluid density,  𝑀  is the heat 
capacity, k is the permeability, 𝐻 is the layer thickness, T is the injected temperature or at the bottom of the layer,  𝑇0 is the 
initial temperature in the layer,  𝜇𝑓 is the viscosity,  and  𝜆𝑓  is  the thermal conductivity of the fluid. The fluid starts to convect 
once this number reaches a threshold value, the critical Rayleigh number. It generally ranges from 20 to 40, depending on the 
assumptions made (only density changes with temperature, transient state, highly heterogeneous porous media, etc). This 
would completely change the character of the fluid and heat flow fields. From the definition of the Rayleigh number, we can 
see its direct dependence on permeability k and temperature difference (Wellman et al, 2010). These parameters are commonly 
tested in sensitivity analyses for the flow field; permeability is especially important as it can vary by several orders of 
magnitude for different rock types. Therefore, to prevent this non linear phenomenon from happening, our model was carefully 
designed so that the fluid and heat flow are not affected; so for each scenario we verified: 𝑹𝒂𝒄 ≫ 𝑹𝒂.   
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Establishment with time
Figure 6: Figure 6a shows how the tilts develop with time and figure 6b illustrates the pressure variation in the aquifer as a function of 
time. 
Figure 7: Simulation results from the standard case. Figure a. shows the heat propagation for the same simulation times as 
the curves. Figure b. represents the horizontal temperature distribution for different times.  
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Eventually, as thermal time scales cannot be theoretically related to the previous criterion, we chose to study the 
temperature variation for a time where the mixing process between hotter water injected and colder water in place has 
established along the model to be able to work under stable thermal conditions. It is hard to define a thermal time scale as this 
time depends a lot on reservoir properties and heterogeneities and cannot be related with typical flow results as thermal 
velocity is different from Darcy’s one for example. Thus, the simulation was run for the standard case and results were 
summarized in Figure 7, which shows the propagation of heat flux with time, the horizontal temperature gradient along 
reservoir length. This case corresponds to the standard case where the tilt obtained was showed in Figure 5.  
 
Analysis of the simulation results 
 
Influence of reservoir properties. Based on the standard model which properties have been detailed in table 1, a study of the 
impact of reservoir properties has been carried out. The ranges of values were chosen to reflect typical values one would find 
in many different reservoirs. The properties that were varied and the ranges over which they were varied are given in Table 2.  
 
We investigated the impact of porosity on contact variation and thermal effects over a large range of values (higher than 
what we would find in a reservoir) to point out the differences that would occur.  As shown in Figure 8, porosity has no effect 
on the degree of tilt of the OWC, but the vertical thermal gradient becomes slightly larger as porosity increases. This can be 
related to previous studies on soil properties which showed that, according to Darcy’s law, the seepage velocity of 
groundwater in soil is proportional to the size of porosity (Gehlin, 2002) and the heat transfer effects are strengthened with the 
increase of permeation speed, making thermal propagation occur more easily (Jiuchen et al., 2010).  Otherwise stated, when 
the porosity is high, there is less rock to dissipate heat and so the heat transport occurs more easily.  
                                                           Table 2 – Range of Properties Investigated 
Property Lower Range Upper Range 
kh (mD) 10 1000 
Co (psi
-1
) 10
-7
 10
-4
 
Cw (psi
-1
) 10
-7
 10
-4
 
ρw (lb/ft
3
) 50 80 
ρo (lb/ft
3
) 20 60 
ho (ft) 20 60 
Φ 0.1 0.6 
μw (cP) 0.5 2.5 
μo (cP) 0 100 
𝜆𝑤 (Btu/ft-day-F) 1 100 
𝜆𝑂 (Btu/ft-day-F) 1 100 
𝜆𝑟 (Btu/ft-day-F) 1 1000 
Mr (Btu/ft³-F) 5 100 
Mo (Btu/lbmol-F) 100 500 
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Figure 8: On figure 8.a we can see temperature distribution and the tilt in the oil-water contact for three different 
porosities. Figure 8.b shows horizontal temperature with distance for three values of porosity (0.1; 0.3; 0.5) at different 
times.  
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The heat capacity of rock does not have any influence on the degree of tilt but plays a key role in heat transfer. This 
parameter represents the thermal storage capacity of the reservoir rock, so the larger it is, the larger is the heat quantity 
absorbed per rock unit volume, and therefore the smaller is the influence range of the injected water under the same operation 
condition. Figure 9.a illustrates this phenomenon, as we observe a smaller influence on fluid temperatures for higher heat 
capacities.  
As thermal conductivity of a fluid reflects its ability to transport heat, when we study its variations, we notice that when the 
heat conductivity decreases, the heat accumulates at the beginning of the reservoir and so the temperature is lower at the end 
(Figure 9.b). It therefore creates a higher temperature gradient across the reservoir when water has a lower thermal 
conductivity.  
When we look at temperatures, oil density does not have a significant impact on heat transfer except when oil gets very 
heavy, i.e. when it reaches very high values of density (Figure 10.a). In that case, heat transfers occur slower, so temperatures 
are lower and this is consistent with what Stenger (1999) found in Ghawar: the higher the temperature, the lighter the oil, the 
saltier the water and those density differences are responsible for the tilt. Moreover, Figure 10.b shows that the lighter the 
water is, the lower temperature gets, hence a “heavier” or saltier water would facilitate heat transport and show higher 
temperatures.  
These results were also pointed out when we studied the evolution of temperature distribution and the oil saturation in a 
two dimension plot as we can see in Figure 11. It shows that the degree of tilt increases when oil density increases and it 
decreases when water density increases. This is consistent with the equation predicting the degree of tilt established by 
Hubbert (1953) and this shows that densities have not only a major impact on oil-water contacts tilting but also on temperature 
distribution.  
 
Figure 9: Effect of heat capacity and thermal conductivity on temperature. Figure 9.a shows the evolution of temperature across the 
reservoir with time and for 4 values of volumetric rock heat capacity (the highest being heat capacity 1). Figure 9.b shows the 
evolution of temperature across the reservoir for 3 different values of water thermal conductivity (4; 24; 54 Btu/ft-day-F). 
Figure 10: Effect of fluids density on temperature. Figure 10.a shows the influence of oil density ranging from 20 to 60 lb/ft³ over 
temperature along the reservoir with 3 different times. Figure 10.b shows the influence of water density (from 50 to 80 lb/ft³) on tilt and 
on temperature across the reservoir, with 3 different times. 
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 Other reservoir properties were investigated like the oil viscosity, compressibility of oil and water, reservoir permeability 
and oil leg thickness but none of them showed significant effects on temperature distribution (Appendix B). 
 
Influence of reservoir heterogeneities. Reservoir heterogeneities can vary from a microscopic scale to across several 
kilometers and have a critical impact on production, hence the need to characterize reservoirs as accurately as possible. The 
aim of our next simulations was to confirm the influence of idealized reservoir heterogeneities on the hydrocarbon-water 
contact but especially to study the impacts on heat transfer and therefore, a link between them and temperature measurements. 
A brief description on the heterogeneities simulated is given in Table 3; properties were ranged so that it could represent many 
situations that could be found in reservoirs.   
 
One of the most critical features affecting reservoir connectivity and hydrocarbon recovery are faults and many 
uncertainties come from their size, location and transmissibility. Seismic data can provide information about the formers and 
core samples gives information on the latter. The effects of a fault crossing the entire depth of the reservoir are shown in 
Figure 13. It was found that less tilt occurred as the transmissibility was reduced. The temperature distribution showed only 
slight variations as the fault was only set to act as a barrier to flow, and not a barrier to heat.  However, it can be noticed that 
the horizontal temperature gradient gets slightly higher (between 1 and 2 degrees) as the transmissibility decreases. Hence, this 
could help reservoir engineers to determine the degree of communication between two parts of a reservoir separated by a fault.  
The same remarks can be made about tar mats, shale barrier or faults that do not cross the whole reservoir. The presence of 
these heterogeneities seriously impeded the ability of the FWL to tilt, with less tilt occurring as the transmissibility was 
Table 3 – Description of Heterogeneities and Ranges Investigated 
 Description Lower Range Upper Range 
 
The transmissibility of a vertical fault was varied whilst the flow rate was kept constant. The fault 
had a thickness of 100ft and a threshold pressure of zero and crossed the entire depth of the 
reservoir.  
0.0001 (ft.mD/cp) 0.1 (ft.mD/cp) 
 
The transmissibility of a vertical fault was varied whilst the flow rate was kept constant. The fault 
had a thickness of 2 00ft and a threshold pressure of zero and crossed partially the reservoir.  
0.0001 (ft.mD/cp) 0.1 (ft.mD/cp) 
 
The transmissibility of a horizontal the fault was varied whilst the flow rate was kept constant. 
The fault had a thickness of 6 feet and a threshold pressure of zero. 
0.0001 (ft.mD/cp) 0.1 (ft.mD/cp) 
 
The thickness of the different faults was varied whilst the flow rate was kept constant.  The 
faults transmissibility was set to 0.01 (ft.mD/cp) with a threshold pressure of zero. 
1 (ft) 500 (ft) 
 
The rock thermal properties were varied in specific zones representing the same previous 
heterogeneities.  
  
 
The permeability of the right side of the reservoir was varied whilst the left side was kept 
constant at 100mD.  
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Figure 11:  Effect of density on temperature distribution and oil saturation. Figure 11.a shows these variations for three values of 
water density while figure 11.b shows these variations for three values of oil density.  
 
Methods of identifying hydrodynamic aquifers and reservoir heterogeneities using temperature data  11 
 
 
reduced in each case. Besides, the same tendency is observed regarding temperature gradient across the reservoir as a slight 
difference of a degree occurs as the transmissibility is decreased (Figure 12). Furthermore, we can notice that for a horizontal 
barrier, a difference in the horizontal gradient occurs depending on which side of the heterogeneity we are. 
 
 
 
 
After the study of barriers to flow, we analyzed the impact of “barriers to heat”, i.e. zones with different volumetric heat 
capacities of the reservoir rock. It could represent the same geological structures observed previously but to identify more 
accurately the effect of heat capacity, neither the transmissibility nor the permeability of these zones were changed. Obviously, 
we did not notice any change in contact for these scenarios because of similar flow properties. However, when we are in the 
case of a vertical barrier to heat, a significant drop occurs in the temperature gradient across the reservoir in the area concerned 
by the change of property. This bump is the temperature curve increases when heat capacity increases (Figure 14).  Depending 
on the type of rock, these zones with different heat capacities would also have different parameters influencing the flow 
(permeability, transmissibility, etc) and would have therefore a significant impact on oil production. When we consider a 
horizontal barrier to heat, the changes in temperature distribution are more subtle but as for a shale horizontal barrier, the 
temperature gradient can vary from one or two degrees and temperature distribution is slightly different (Figure 15). 
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Figure 13: Effect of a fault crossing the whole reservoir depth. Figure 13.a shows evolution of temperature distribution and FWL tilt 
with time fo a fault of t ansmissibility 0.001 (ft.mD/cP). Figure 13.b compares the evolution of temperature across the length of the 
reservoir for 3 faults of 0.1, .01 and .0 1 (ft.mD/cP) of transmissibility, each of them plotted for three different times. 
 
Figure 12: Effect of horizontal and vertical barriers to flow. Figure 12.a shows a vertical barrier with different transmissibilities and its 
effect on FWL titl and temperature distribution. Figure 12.b shows a tar mat/horizontal shale barrier with different transmissibilities 
and its effect on FWL tilt and temperature distribution. 
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Eventually, when the reservoir consists in two sides with different permeabilities, we can confirm the fact that a decrease in 
permeability increases the pressure drop and hence increases the degree of FWL which is consistent with Hubbert’s analysis 
(Mahmode, 2009). As can be seen in Figure 16, the tilt is small across the higher permeability side whereas a large tilt 
develops over the lower permeability side of the reservoir. It shows also that the more the permeability decreases across the 
reservoir and the more the horizontal temperature gradient will be (Figure 16.b).  
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Figure 14: Effect of a vertical zone with different heat capacity. Figure 4.a shows the temperature distribution across the reservoir 
with time and for two different heat capacities  M2 being the standard heat capacity of the reservoir (M2<M1<M3). Figure 14.b 
compares the evolution of temperature across the length of the reservoir for 4 different values of heat capacity of the vertical zone 
(curve in red represents the homogeneous case), each of them plotted for four different times. 
Figure 15: Effect of a horizontal zone with different heat capacity. Figure 15.a shows the temperature distribution across the reservoir 
with time and for two different heat capacities, M2 being the standard heat capacity of the reservoir (M2<M1<M3). Figure 15.b 
compares the evolution of temperature across the length of the reservoir for 4 different values of heat capacity of the vertical zone 
(curve in red represents the homogeneous case), each of them plotted for four different times. 
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Discussion  
Considering that steady state has occurred, a tilt contact between water and hydrocarbon may be due to a hydrodynamic 
aquifer or to heterogeneities causing reservoir compartmentalization. Previous studies by Muggeridge et al (2004) and 
Mahmode (2009) showed that differences in oil pressure across the reservoir or water pressures decreasing in the direction of 
the tilt would not necesseraly prove the existence of barriers to flow or ensure a hydrodynamic aquifer. This supposes that we 
only are studying these data between two wells. When we increase the number of wells,  we obviously increase the probability 
of one or the other phenomenon and pressure data would be more likely helping us find out what is happening.  
With the increasing interest the industry has on geothermal technology, a lot of devices and tools have been developed to 
ensure that temperature distribution can be measured very accurately (from ± 0.02ºC to ±0.05ºC). Hence, our results obtained 
for reservoir heterogeneities could be very helpful considering that significant variations in temperature distribution across the 
heterogeneous reservoir have been noticed. It has been shown that in the presence of certain heterogeneities, we would see a 
hump in the plot of temperature across the length of the reservoir where the heterogeneity would be. The heterogeneities 
studied were vertical and horizontal faults, vertical and horizontal different rock types which could represent shale barriers, or 
tar mats for instance and two compartments with different permeabilities. Results that could be use to identify barriers to flow 
or heterogeneities that could impede hydrocarbon production are the following:  
 
 In the presence of a vertical heterogeneity, the plot of temperature against the length of the reservoir shows a significant 
hump, that gets bigger when its volumetric heat capacity increases. This could be represented by a zone where rock 
properties are different, which would therefore influence the flow because in general, a rock with a higher heat capacity 
would be more permeable or less porous. A higher horizontal temperature gradient would also be observed across the 
reservoir, which is also noticeable when the transmissibility of  a vertical fault decreases: the smaller the transmissibility 
is, the higher the gradient gets and the more it will impede the flow. Thus, combining these results with previously 
established methods (pressure-depth plots, Hubbert’s analysis, etc) would ensure a better identification of reservoir 
compartmentalization under a hydrodynamic flow; as noticeable change in the temperature distribution and in the 
horizontal temperature plot across the reservoir would appear.  
 Horizontal barriers to flow such as tar mats or shale barriers would reveal a difference in heat propagation between both 
sides of the heterogeneity. In that case, one could compare temperature distributions or variations at different depth across 
the reservoir and notice that the increase of heat capacity in the barrier (which is the case for tar mats or shale barriers, 
both have a high specific heat capacity than sandstones for instance) leads to a significant change in temperature 
propagation. Similar effects happen when the transmissibility of the bareer decreases. Again, associating this study with 
other proven techniques would reinforce the diagnosis about compartments in the reservoir under dynamic conditions.   
 When the degree of tilt is higher in one part of the reservoir (horizontal barrier to flow or compartments with different 
permeabilities), a close look at the temperature distribution or the horizontal temperature gradient could allow us to 
distinguish the two cases. By looking at the temperature evolution across the reservoir, it could be possible to see if the 
permeability between the wells was different than expected. A higher or lower temperature gradient than it should be with 
a constant permeability across the reservoir, associated with no variations of temperature with depth, would suggest that 
there is a compartment with a different permeability.  
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Figure 16: Effect of two compartments with different permeabilities. Figure 16.a shows temperature distribution and OWC tilt in three 
cases. Figure 16.b shows the evolution of temperature across the reservoir in three scenarios.  
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However we should keep in mind that there are cases when temperature measuring tools would not be accurate enough to 
show variations, especially when thermal properties of the heterogeneity do not differ enough from those of the reservoir. For 
instance, thermal properties of  a ‘clean fault’ (low percentage of shale) could be close to those of the reservoir and, depending 
on the dimensions of the fault, we could not identify it by looking at temperature distribution. We could therefore diagnose a 
homogeneous hydrodynamic environment whilst the presence of undetected faults could be crucial to petroleum recovery.  
Concerning our study on reservoir properties, the impact of fluid densities has to be discussed. We have seen that a lighter 
oil or a more dense water are associated with higher temperatures and smaller degree of tilt. This confirmed the study by 
Stenger (1999) who showed that the fluid densities can be the controlling parameters of the OWC tilt magnitude. This has to 
be taken into account as the tilt could be interpreted as a static equilibrium with varied fluid densities and would no longer be 
caused by a hydrodynamic flow. Therefore, in the case we would have doubt about fluid densities across the reservoir, a closer 
look at the temperature distribution across the aquifer and variations of geothermal gradient in the field should be considered. 
Then, knowing that aquifer salinity decreases with temperature could allow us to draw conclusions about the mechanism 
controlling the tilt. However this results should be validated by analysing at the same time reliable maps of original salinity of 
surrounding aquifers, looking carefully at the zones where hotter or cooler waters are flowing and finally noticing the changes 
of geothermal gradients in the area.  
As a result, this analysis requires very accurate temperature measurement tools and their precision across the reservoir is 
crucial as there could be significantly different interpretations. Different tools or methods like pressure-depth plots, Hubbert’s 
analysis, diagnostic toolkits to characterize compartmentalization and hydrodynamic environment (Muggeridge et al, 2008 ; 
Mahmode, 2009) should all be integrated into a coherent model of the reservoir one has to characterize. In addition a study like 
this one, about thermal behaviour in the presence of a hydrodynamic aquifer and different reservoir heterogeneities, should 
also be considered to confirm or reject uncertain diagnoses. Furthermore, this study should be extended to a wider panel of 
heterogeneities and adapted to various reservoir geometry that would be found in existing fields. Once this is done, it could 
provide a clearer understanding of whether differences in hydrocarbon-water contact result from a hydrodynamic environment 
or to compartmentalization.  
 
 
Conclusions 
Through this work, we have presented an understanding of heat transport and thermal properties in an oil reservoir with a 
hydrodynamic aquifer and a way of interpreting temperature data to distinguish between a hydrodynamic environment and 
reservoir compartmentalization. Our model was built to represent multiple scenarios with different properties and 
heterogeneities one would find in existing fields. We carefully initialized the different parameters to compare the results with 
previous studies about tilting contacts, ensuring that steady state occurs and no non linear phenomenon will happen to avoid 
problem with thermal calculations. This study has showed that, as thermal properties have a strong influence on heat 
propagation, one must measure them very accurately. Furthermore, reservoir and fluid properties like porosity, permeability 
and fluid densities appeared to influence temperature distribution and horizontal gradients significantly. This brought 
interesting discussions about what caused the tilt, allowing us to propose methods to distinguish between a hydrodynamically-
related tilt in a homogeneous reservoir, a change in reservoir permeability and a static equilibrium due to various fluid 
densities. After that, the effect of different types of heterogeneities was analyzed and gave interesting results. Indeed, one 
could identify barriers to flow by looking whether at the plot of temperature across reservoir length or to the temperature 
distribution across the reservoir. Along with this study, one could integrate other diagnostic toolkits or analysis, and 
distinguish more accurately a hydrodynamic environment from reservoir compartmentalization.  
Capitalizing on the availability of improved temperature sensors and numerical codes, we are just starting to explore the 
full potential for using temperature measurements and additional studies are needed to determine the general applicability and 
limitations of this method for a wider range of heterogeneities and hydrodynamic environments. One could extend the 
validation of this new analysis method by considering detailed maps of temperature distribution, geothermal gradients and 
salinity and temperature of surrounding aquifers to improve its accuracy. Thus, it leaves no doubt that analysis of temperature 
measurements to identify barriers to flow ought to be a standard tool in the reservoir engineer’s toolbox, both in the petroleum 
and geothermal industry. 
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Nomenclature 
 
   
 g = acceleration due to gravity m
2
/s 
 h0 = initial thickness of oil leg m 
 h = height of oil leg at steady state m 
 H = height of reservoir m 
 K = permeability of reservoir m
2
 
 L = length of reservoir m 
 ф = porosity of reservoir  
 μo = viscosity of oil Pa.s 
 μw = viscosity of water Pa.s 
 ρo = density of oil kg/m
3
 
 ρw = density of water kg/m
3
 
Cf = fluid compressibility Pa
-1 
mf = fluid molecular weight kg/kgmole 
T = temperature °C 
σ = coefficient of thermal expansion 1/°C 
λ = thermal conductivity J/m-day-C 
Mf = fluid heat capacity kJ/kg-C 
Mr = rock volumetric heat capacity Btu/m³-F 
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APPENDIX A 
CRITICAL LITERATURE REVIEW 
 
PAPER SOURCE YEAR TITLE AUTHORS CONTRIBUTION 
AAPG Bulletin Volume 37 
1953 
 
Entrapment of Petroleum 
Under Hydrodynamic Conditions 
 
  Hubbert, M.K 
 
First to propose that under hydrodynamic 
conditions the FWL (Free Water Level) will no 
longer be horizontal and suggest that the degree 
of tilt may be expressed as a function of ρw, ρo 
and the slope of the potentiometric surface of the 
water 
 
 
 
SPE 90586 
 
 
2004 
 
Hydrodynamic Conditions of 
Hydrocarbon Accumulation 
Exemplified by the Pomorsko & 
Czerwiensk Oil Fields in the 
Poland Lowland 
 
 
 
 
    Zawisza, L. 
 
Developed an extension to Hubbert’s theory now 
allowing for the variability of the oil, water and 
gas densities(static effects) and the heterogeneity 
of reservoir rocks (capillary effects) 
 
 
 
     PAPER SOURCE   YEAR                    TITLE        AUTHORS                         CONTRIBUTION 
 
 
AAPG Bulletin V.89 
 
 
2005 
 
The rate of pressure dissipation from 
abnormally pressured compartments 
 
 
Muggeridge, A.H 
Abacioglu, Y; 
England, W; 
Smalley, C. 
 
 
Illustrated the time scales required for pressure 
dissipation of abnormally pressured reservoir 
compartments based on an improved analytical 
solution, verified by reservoir simulation and 
compared to other similar works. 
 
 
 
 
SPE 93577 
 
 
 
 
 
2005 
 
 
Reservoir Connectivity Analysis- 
Defining Reservoir Connections and 
Plumbing 
 
 
 
 
 
Vrolijk, P 
Reservoir Connectivity Analysis provides an 
integrated technology that challenges the 
interpreter to evaluate and incorporate fluid 
properties, composition, and pressure data with 
stratigraphic and structural interpretations of a 
reservoir to achieve a deeper, more comprehensive 
understanding of reservoir compartments and the 
connections between them. 
 
 
 
 
 
SPE 118323 
 
 
 
 
 
2008 
 
 
 
 
 
A Diagnostic Toolkit to Detect 
Compartmentalization Using Time 
Scales for Reservoir mixing 
 
 
 
 
 
 
Muggeridge, A.H; 
Smalley; P.C. 
 
Provides simple analytical expressions for 
estimating the time taken for tilted contacts, spatial 
pressure variations and compositional variations to 
return to their equilibrium state as a function of 
reservoir parameters.  A simple and practical 
probabilistic toolkit has been provided to 
distinguish between reservoir 
compartmentalization and hydrodynamic 
environments, by incorporating an understanding 
of time-scales for a variety of mixing processes. 
 
 
 
Journal of Petroleum Science and 
Engineering – ELSEVIER 
 
 
 
2009 
 
 
Diagnosis of reservoir 
compartmentalization from measured 
pressure/rate data during primary 
depletion 
 
 
C.S. Kabir;  
B. Izgec 
Presents a simple diagnostic tool to identify 
reservoir flow behaviour from a Cartesian 
pressure/ 
rate graph during primary production. Proposed 
tools lead to understanding of reservoir 
compartmentalization and application of an 
appropriate material-balance technique. 
 
Table 1: Milestones in Hydrodynamic Flow in the 
Subsurface  
Table 2: Milestones in Detecting Reservoir Compartmentalization  
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     PAPER SOURCE YEAR                    TITLE        AUTHORS                         CONTRIBUTION 
 
 
SPE 53197 
 
 
1999 
 
Regional Temperature Gradient: 
A key to tilted OOWC 
 
 
Stenger, B.A. 
 
 
Apply a new concept to explain the OOWC tilt of 
the Ghawar field. Shows that fluid densities are 
the controlling parameters of the OOWC tilt 
magnitude and distribution in Gahwar.  
 
 
 
 
National Ground Water 
Association Vol. 43, 
 No. 6: 951–968 
 
 
 
 
2005 
 
 
 
Heat as a groundwater tracer 
 
 
 
 
 
Anderson, M.P. 
 
Reservoir Connectivity Analysis provides an 
integrated technology that challenges the 
interpreter to evaluate and incorporate fluid 
properties, composition, and pressure data with 
stratigraphic and structural interpretations of a 
reservoir to achieve a deeper, more 
comprehensive understanding of reservoir 
compartments and the connections between them. 
 
 
World Geothermal Congress 2010, 
Bali, Indonesia 
 
 
 
2010 
 
 
 
Advanced Technique for Reservoir 
Thermal Properties Determination 
and Pore Space Characterization 
 
Popov, Y., 
Miklashevskiy, D., 
Romushkevich, R., 
Safonov, S. and 
Novikov 
 
New measuring systems are studied for 
simultaneous determination of thermal 
conductivity, thermal diffusivity and volumetric 
heat capacity of dense and highly porous  
and fractured rocks at normal and formation 
thermodynamical conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table 2: Milestones in Groundwater heat flow  
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AAPG Bulletin Volume 37 (1953) 
Entrapment of Petroleum under Hydrodynamic Conditions 
 
 Author: 
 Hubbert, M.K. 
 
 Contribution to the understanding of hydrodynamic flow in the subsurface:  
First to present mathematical proof that accumulations of hydrocarbons and tilted contacts between water 
and hydrocarbons can better be explained by hydrodynamic water conditions.  
 
 Objective of the paper: 
To investigate the forces which cause petroleum to migrate and the characteristics of the positions in 
which they form with respect to the environmental forces acting upon them.  
 
 Methodology used: 
His theory is based upon the fundamental principle of mechanics applied for oil water and gas where the 
potential energy is calculated as a function of density and pressure.  
 
 Conclusion reached: 
1. He showed that oil or gas might be spilled from any structure either up or down the regional dip, or at 
any angle to the regional dip, depending upon structural and stratigraphic conditions, the rate and 
direction of water movement, and the density of the oil or gas.  
 
2. It is possible to calculate the angle of tilt of the oil-water interface as a function of the densities of the 
water and hydrocarbon and as a function of the potentiometric surface:   
 
                                                                𝑡𝑎𝑛 𝜃 =  
∆𝑧
∆𝑥
=  
𝜌𝑤
𝜌𝑤− 𝜌ℎ
 ×  
∆ℎ𝑤
∆𝑥
    
 
Where        𝜃: angle of tilt of the interface between water and hydrocarbon 
                 
∆𝑧
∆𝑥
 : Ratio of the tilt  
                 ρw : Water Density 
                 ρh : Hydrocarbon Density 
                
∆ℎ𝑤
∆𝑥
 : Potentiometric or hydraulic gradient (change in potential per unit length) 
 
 Comments: 
This paper assumed that the density of the fluid is constant, which can be invalid.  Furthermore there 
could be some ambiguity when there is a pseudo-tilt due  to capillary effects under hydrostatic conditions 
(in heterogeneous rock systems).  
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SPE 90586 (2004) 
Heat as a groundwater tracer 
 
 Author:  
Zawisza, L. 
 
 Contribution to the understanding of hydrodynamic flow in the subsurface:  
A modified theory is advanced to define more precisely the position of potential oil and gas traps. The 
theory accepts the effect of groundwater motion (dynamic effect), the variability of oil, water and gas 
densities (static effect) and heterogeneity of reservoir rocks (capillary effect). 
 
 Objective of the paper: 
The objective of the paper is to determine potential sites for hydrodynamic entrapment of hydrocarbon by 
constructing different maps showing the static, dynamic and capillary effects and then adding them up by 
superimposition.  
 
 Methodology used: 
The methodology used is the calculation of the potential of water and oil including the additional 
potential for oil produced by capillary pressure (term Hc) which gives the following equation: 
 
                                           Ho  =  Hfw −  z (
γw−γ0
γfw
) +  Hc    
 
Where Hfw, Ho, and Hc =  
Pc
γfw
 are the potentials of water, oil, and from capillary pressure, respectively, 
expressed in meters of column of fresh water, and γfw is the specific weight of the fresh water.  The 
author then uses correlations to express capillary pressure in terms of permeability, k, porosity, ф and 
surface tension, σ, producing the equation: 
 
               𝐻𝑜(𝑥, 𝑦) =  𝐻𝑓𝑤(𝑥, 𝑦) −  𝑧(𝑥, 𝑦)
𝛾𝑤(𝑥,𝑦)− 𝛾𝑜(𝑥,𝑦)
𝛾𝑓𝑤
+  
4.725𝜎
𝛾𝑓𝑤
[ф(𝑥, 𝑦)]2.25[𝑘(𝑥, 𝑦)]−0.5      
 
Whereby a series of maps are computed, those being, potentiometric map of groundwater, map of 
specific weight of oil (at reservoir conditions) and water as well as property distribution maps of porosity 
and permeability.   
 
 
 Conclusion reached: 
In order to determine potential sites for hydrodynamic traps of hydrocarbons, it is necessary to make 
structural map of the top of the water-oil bearing horizon, potentiometric maps for groundwater, map of 
specific weight of groundwater, map of specific weight of oil in reservoir conditions, map of porosity, 
and map of permeability; then, the previous equation should be used. 
 
 
 Comments: 
The suggested method is comparatively simple to apply and gives good results in regions of high 
hydraulic gradients, high variability of salinity and hydrocarbon densities and high variability of 
permeability and porosity of reservoir rocks. 
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AAPG Bulletin, V.89, No.1, pg 61-80 (2005) 
The rate of Pressure Dissipation from Abnormally Pressured Compartments  
 Authors: 
 Muggeridge, A.H; Abacioglu, Y; England, W.A; Smalley, C. 
 
 Contribution to the understanding of Compartmentalization Detection:  
Illustrated the time scales required for pressure dissipation of abnormally pressured reservoir 
compartments based on an improved analytical solution, verified by reservoir simulation and compared to 
other similar works.  
 
 Objective of the paper: 
To present an improved analytic solution that describes the dissipation of abnormal pressures via Darcy 
flow out of a compartment formed of high permeability rock capped top and bottom by lower 
permeability rock. 
 
 Methodology used: 
The system illustrated on the following figure has been described by the pressure diffusion equation 
applied for the compartment and for the barrier.  
 
 
 
 
 
 
 
 
The pressure compartment was assumed to have a significantly higher permeability than the barriers, and 
the thickness of the compartment is negligible compared to its lateral extent.  Flow only occurs through 
the upper and lower barriers and not towards the edges of the compartment.  The improved analytic 
solution was then compared to reservoir simulation for a series of properties that affect the rate of 
pressure dissipation.    
 
 Conclusion reached: 
This new analytic solution is more accurate than any provided previously. Furthermore, it has been 
shown that the compressibility of the fluid in the pore space may have as much influence on pressure 
dissipation as the bulk compressibility of the rock. The pressure gradient in a typical hydrocarbon 
reservoir compartment will return to the hydrostatic gradient over timescales of the order of hours or 
days, but that abnormal pressures are likely to dissipate over periods of tens of thousands to hundreds of 
thousands of years.  Thus, any compartment with a different pressure from its neighbours at discovery 
can be to be isolated during subsequent production.  Also, abnormal pressures on the basin scale may take 
tens or hundreds of millions of years to dissipate.   
 
 Comments: 
The improved analytic solution has been compared to other works done in the same field and have been 
shown to be more generally accurate than other solutions. However, the solution were derived for 
compartments containing a single, slightly compressible fluid; but in reality, the majority of over-
pressured compartments contain at least two fluids but this has been shown to be acceptable by physical 
arguments.  Further work has been recommended to evaluate  the impact of barriers at the edge of the 
compartments on pressure dissipation.  
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SPE 93577 (2005) 
Reservoir Connectivity Analysis- Defining Reservoir Connections and Plumbing 
 
 Authors:  
 
Vrolijk, P.; James, B.; Myers, R.; Maynard, J.; Sumpter, L.and Sweet, M. 
 
 Contribution to the understanding of Compartmentalization Detection:  
 
This new analytical approach has been used in a wide range of reservoirs, including clastic and carbonate 
reservoirs, in fields around the world. Reservoir Connectivity Analysis(RCA) provides an integrated 
technology that challenges the interpreter to evaluate and incorporate fluid properties, composition, and 
pressure data with stratigraphic and structural interpretations of a reservoir to achieve a deeper, more 
comprehensive understanding of reservoir compartments and the connections between them.  
 
 Objective of the paper: 
 
To combine a careful evaluation of fluid distribution, pressure data with good structural and geologic 
interpretations to arrive at the best analysis of connectivity and compartmentalization in the reservoirs.   
 
 Methodology used: 
 
After having described the reservoir compartments and defined connections between compartments, all of 
them are integrated into a RCA model that is consistent with the available data.  The model is then 
carefully studied to provide the required information.  
 
 
 Conclusion reached: 
 
This analysis can lead to significant improvement in reservoir management, well performance and also 
drilling due to its complete analysis on reservoirs connectivity and compartmentalization. 
 
  
Methods of identifying hydrodynamic aquifers and reservoir heterogeneities using temperature data  23 
 
 
SPE 118323 (2008) 
A Diagnostic Toolkit to Detect Compartmentalization Using Time-Scales for Reservoir Mixing  
 
 Authors:  
 
Muggeridge, A.H and Smalley, P.C. 
 
 Contribution to the understanding of Compartmentalization Detection:  
 
Provides simple analytical expressions for estimating the time taken for tilted contacts, spatial pressure 
variations and compositional variations to return to their equilibrium state as a function of reservoir 
parameters.  A simple and practical probabilistic toolkit has been provided to distinguish between 
reservoir compartmentalization and hydrodynamic environments, by incorporating an understanding of 
time-scales for a variety of mixing processes.  
 
 Objective of the paper: 
 
To present a suite of simple analytical expressions that can be used to estimate reservoir fluid mixing 
times for different processes and incorporate an understanding of these times into a toolkit to determine 
whether the reservoir is compartmentalized or not.  
 
 Methodology used: 
 
The analytical expressions presented come from the study of various authors (Smalley et al,1995; 
Gardner et al, 1962; Muggeridge et al, 2004).  After studying the effects on different fluid with a base 
scenario, time-scales obtained for different reservoir mixing processes were then incorporated into a 
toolkit for assessing the probability of compartmentalization. 
 
 Conclusion reached: 
 
A suite of simple expressions for assessing the time-scales for the mixing of different processes over 
different length scales as a function of rock and fluid properties has been presented. The toolkit formed 
demonstrated that fluid properties may mix over a very long range of time scales, depending on the 
process (molecular diffusion, pressure gradients, etc).  
Therefore, it is very important to consider these mixing time scales when looking for 
compartmentalization while being careful on the processes that are occurring.  
 
 Comment:  
 
The expressions provided give an order of magnitude estimate of time scales for mixing based on 
estimates of reservoir and fluid properties assuming an isothermal gradient. To have a better idea whether 
the aquifers is flowing or not it could be interesting the study the temperature variations.  
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Journal of Petroleum Science and Engineering – ELSEVIER (2009) 
Diagnosis of reservoir compartmentalization from measured pressure/rate data during primary depletion 
 
 Authors:  
C.S. Kabir, B. Izgec 
 
 Contribution to the understanding of Compartmentalization Detection:  
 
Presents a simple diagnostic tool to identify reservoir flow behaviour from a Cartesian pressure/rate 
graph during primary production. Proposed tools lead to understanding of reservoir compartmentalization 
and application of an appropriate material-balance technique. Provides mathematical proof of why 
different wells in a multiwell reservoir system should have the same slope. 
 
 Objective of the paper: 
 
To diagnose and understand reservoir compartmentalization during primary depletion by mean of a 
simple tool.   
 
 Methodology used: 
 
The generalized multirate superposition equation for liquids is used during infinite-acting flow period and 
during pseudo steady state flow the general equation for variable rate liquid flow is used  to obtain and 
plot pressure against rates graphs and hence determine the slope. All diagnoses are then based upon the 
different slopes obtained.  
 
 Conclusion reached: 
 
Multiple wells in the same field will exhibit the same slope on the pressure-rate graph, suggesting 
reservoir connectivity. Dissimilar slopes suggest compartmentalization. An analytic expression is derived 
in support of this notion. Issues with condensate banking, reservoir compaction, and areal heterogeneity, 
not considered in the analytic formulation, do not appear to have much impact on understanding reservoir 
compartmentalization.  
 
 Comments: 
 
Both synthetic and multiple field examples verify the notion presented in this study and the underlying 
physical principles. However, issues with condensate banking, reservoir compaction, and areal 
heterogeneity have not been considered in the analytic formulation.  
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SPE 53197 (1999) 
Regional Temperature Gradient: A key to tilted OOWC 
 
 Author: 
Stenger, B.A. 
 
 Contribution to the understanding of groundwater heat flow:  
 
First to explain the origin of the original oil-water contact tilt in Ghawar field and showed that fluid 
densities are the controlling parameters of the OOWC tilt magnitude and distribution in Ghawar.  
 
 Objective of the paper: 
 
In the Arab-D reservoirs of Saudi Arabia, it is known that the aquifer is not active. Hence the need to 
inject massive water to support reservoir pressure during production. The hydrodynamic tilt is 
consequently not a satisfying explanation in the case of the Arab-D formation of the Ghawar field. This 
paper proposes a new model accounting for the OOWC tilt and applies it to the Ghawar oil field case.  
 
 Methodology used: 
 
It is based on the fact that thermal expansion occurs in the oil column, leading to a lateral segregation of 
the oil components, while aquifer salinity is decreasing with cooler temperature. After defining the 
potential of a column of fluid, the system is considered as a static equilibrium and the equilibrium 
condition is finally solved by iterative process.  
 
 Conclusion reached: 
 
1. A new concept has been successfully applied to explain the OOWC tilt of the Ghawar field. A 
changing geothermal gradient has been related to oil and water density opposite evolution along a 
northeast oriented axis. 
 
2. Fluid densities have been shown to be the first-order controls of the OOWC tilt magnitude and spatial 
distribution. This new explanation has diminished the apparent paradox of a dynamic aquifer 
responsible for the tilt and the lack of pressure support observed during production. The tilt of the 
OOWC has been successfully back calculated and found to be in a reasonable agreement with the 
values measured in observation wells. More work will be needed to fully revisit the OOWC 
description for the Ghawar field. Only after this work is performed, will it be possible to completely 
validate the concept of geothermal and density-related OOWC tilt. 
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National Ground Water Association Vol. 43,  No. 6: 951–968 
Heat as a groundwater tracer 
 
 Author: 
Anderson, M.P. 
 
 Contribution to the understanding of groundwater heat flow:  
 
This paper provides a critical synthesis about heat in groundwater flows and shows that ground water 
temperature data and associated analytical tools are currently underused and have not yet realized their 
full potential. 
 
 Objective of the paper: 
 
The purpose of this review paper is to show how pioneering work published in the 1960s on heat as a 
ground water tracer has been extended and applied to a wide variety of hydrogeological settings. All the 
research considered herein is concerned with ways of analyzing the movement of heat within ground 
water systems, including heat produced naturally in the subsurface and heat introduced in seepage from 
surface water. These studies use temperature, which often can be measured more easily than head, to gain 
insight into ground water flow. That is, temperature is used as a surrogate for head and to supplement 
head measurements. 
 
 Methodology used: 
 
This paper goes through different steps by presenting:  
- Analytical Tools for Solving the Inverse Problem with Temperature 
- The basic theory of  three-dimensional heat transport equations 
- Studies of temperature profiles in geothermal aquifers 
- The interchanges with surface and surface warming 
- Formal Solutions of the Inverse Problem 
 
 Conclusion reached: 
 
1. Capitalizing on the availability of improved temperature sensors and numerical codes, investigators 
are just starting to explore the full potential for using temperature measurements in a wide variety of 
hydrogeological settings. The utility of temperature measurements in estimating fluxes in ground 
water-stream systems is now well established.  
2. One of the most powerful uses of temperature data is in formal solutions of the inverse problem. It is 
generally recognized that head data alone are not sufficient to calibrate a ground water flow model, 
while estimates of ground water flux and/or information on the movement of solute and/or heat help 
constrain the calibration. 
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World Geothermal Congress 2010, Bali, Indonesia, 25–29. 
Advanced Technique for Reservoir Thermal Properties Determination and Pore Space Characterization 
 
 Authors: 
Popov, Y., Miklashevskiy, D., Romushkevich, R., Safonov, S. and Novikov, S 
 
 Contribution to the understanding of groundwater heat flow:  
 
New measuring systems are studied for simultaneous determination of thermal conductivity, thermal 
diffusivity and volumetric heat capacity of dense and highly porous and fractured rocks at normal and 
formation thermodynamical conditions. 
 
 Objective of the paper: 
 
To develop a set of knew equipment remove disadvantages from old measuring tools and provide 
qualitatively new possibilities to get numerous reliable data on the thermal properties from the 
measurements on cores.  
 
 Conclusion reached: 
 
1. Exploitation of these instruments has discovered new chances to test existing theoretical models, 
enhance these models and develop new theoretical models. 
2. The technique and instruments developed provide the measurements of vast set of the rock 
thermal properties and allow to improve experimental thermal property data of formations. 
3. The new instrument for the rock thermal property measurements at formation conditions allows to 
determine simultaneously the thermal conductivity and diffusivity tensor components at 
simultaneous influence of elevated temperature and three component pressure (pore, axial and 
confining pressure components). 
4. The instrument developed for fluid thermal conductivity measurements provides the 
measurements for fluids with wide range of viscosity without disturbing influence of thermal 
convection in low viscous fluids. 
5. The optical scanning technology application reveals a possibility to study correlations of thermal 
properties with other physical properties from the measurements on the same core plugs that 
reduces a disturbing influence of rock inhomogeneity and anisotropy and allows to establish more 
reliable correlations between the properties. 
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APPENDIX B 
EFFECT OF RESERVOIR PROPERTIES ON TILT AND TEMPERATURE DISTRIBUTION 
 
Appendix B.1 Effect of Porosity 
 
 
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 01.dat.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:1
Axis Units: ft
100
103
107
110
114
117
121
124
128
131
135
DYNAMIC AQUIFER / TEMPERATURE
Temperature (F) 9.000000e+008 day     J layer: 1
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 f eet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 03.irf
User:  so409
Date: 26/08/2010
Scale: 1:18823
Z/X: 26.00:1
Axis Units: f t
100
104
107
111
114
118
121
125
128
132
135
DYNAMIC AQUIFER / TEMPERATURE
Temperature (F) 9.000000e+008 day     J layer: 1
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 04.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:
Axis Units: ft
100
104
107
111
114
118
121
125
128
132
136
DYNAMIC AQUIFER / TEMPERATURE
Temperature (F) 9.000000e+008 day     J layer: 1
φ=0.1
φ=0.3
φ=0.5
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 01.dat.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:1
Axis Units: ft
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
DYNAMIC AQUIFER / TEMPERATURE
Oil Saturation 3.650000e+007 day     J layer: 1
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 01.dat.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:1
Axis Units: ft
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
DYNAMIC AQUIFER / TEMPERATURE
Oil Saturation 3.650000e+007 day     J layer: 1
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 01.dat.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:1
Axis Units: ft
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
8
9
1 0
DYNAMIC AQUIFER / TEMPERATURE
Oil Saturation 3.650000e+007 day     J layer: 1
φ=0.1
φ=0 3
φ=0.5
Injector 1 Producer 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
5
,0
0
0
5
,1
0
0
5
,2
0
0
5
,0
0
0
5
,1
0
0
5
,2
0
0
0.00 1200.00 2400.00 feet
 0.00  0.25  0.50  0.75  1.00 km
File: POR 04.irf
User:  so409
Date: 26/08/2010
Scale: 1:18825
Z/X: 26.00:1
Axis Units: ft
100
104
107
111
114
118
121
125
128
132
136
DYNAMIC AQUIFER / TEMPERATURE
Temperature (F) 9.000000e+008 da      J layer: 1
Figure B 1: Effects of reservoir porosity on temp rature distribution and how the oil-water contact 
tilts. Porosity does not influence the degree of tilt but has a noticeable impact on temperature 
distribution: the higher it is, the higher the temperature is at the beginning of the reservoir (the 
scale of temperature is not precise enough to show that on these pictures). 
Figure B 2: Evolution of temperature across the length of the reservoir. This plot is built for three 
porosities (0.1;0.3 and 0.5) at three different times. An increasing of porosity leads to an 
increasing in the horizontal temperature gradient. 
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Appendix B.2 Effect of Permeability 
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Figure B 3: Effects of reservoir permeability on temperature distribution and how the oil-water 
contact tilts. The degree of tilt decreases when permeability increases. The horizontal 
temperature gradient slightly increases as permeability increases. 
Figure B 4: Evolution of temperature across the length of the reservoir. This plot is built for three 
values of permeability (1mD; 500mD and 1000mD) at three different times. Horizontal 
temperature gradient slightly increases when permeability increases. 
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Appendix B.3 Effect of oil viscosity 
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Figure B 6: Effects of oil viscosity on temperature distribution and how the oil-water contact tilts. 
The degree of tilt decreases when the oil gets more viscous. This parameter has no effect on 
temperature distribution 
Figure B 5: Evolution of temperature across the length of the reservoir. This plot is built for three 
values of viscosity (10cP; 50cP and 100cP) at three different times. Oil viscosity does not have 
any effect on temperature evolution. 
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Figure B 8: Effects of water compressibility on temperature distribution and how the oil-water 
contact tilts. The degree of tilt increases when water is less compressible. This parameter has 
no effect on temperature distribution. 
Figure B 7: Evolution of temperature across the length of the reservoir. This plot is built for three 
values of water compressibility (10
-7 
psi
-1
; 10
-6
 psi
-1
 and 10
-4
 psi
-1 
) at three different times. Water 
compressibility does not affect temperature evolution. 
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Figure B 10: Effects of oil compressibility on temperature distribution and how the oil-water 
contact tilts. The degree of tilt increases when oil is more compressible. This parameter has no 
significant effect on temperature distribution. 
Figure B 9: Evolution of temperature across the length of the reservoir. This plot is built for three 
values of water compressibility (10
-7 
psi
-1
; 10
-6
 psi
-1
 and 10
-4
 psi
-1 
) at three different times. Oil 
compressibility does not affect temperature evolution. 
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Figure B 12: Effects of oil leg thickness on t mperature distribution and how the oil-water 
contact tilts. the thickness of the oil leg was varied whilst the thickness of the reservoir was kept 
constant. This did not affect the temperature distribution as the change in thermal conductivity 
is too small to influence the propagation of heat. 
Figure B 11: Evolution of temperature across the length of the reservoir. This plot is built for 
three different oil leg thicknesses (20ft; 40ft and 60ft
 
) at four different times. This did not affect 
the temperature distribution even at early time 
